BACKGROUND/OBJECTIVES: Gestational diabetes mellitus (GDM) risk factors are well established for Caucasians, but not for Asians. We hypothesized that nutrient intakes, plasma adipokines and/or gestational hormones might be linked to GDM development among pregnant Korean women. This study sought to identify new risk factors for GDM and adverse pregnancy outcomes according to body weight at prepregnancy. SUBJECTS/METHODS: All subjects were pregnant women visiting the Cheil General Hospital and Women's Healthcare Center between June 2006 and March 2009. Non-GDM (n ¼ 531) and GDM (n ¼ 215) participants were divided into normal-weight and overweight groups according to prepregnancy body mass index (BMI) above or below 23 kg/m 2 at 24-28th week of gestation. At that time, glucose tolerance, insulin resistance as homeostatic model assessment for insulin resistance, insulin secretory capacity as homeostatic model assessment for b-cell function, anthropometric measurement, nutrient intakes, and plasma levels of adipokines and gestational hormones were determined. RESULTS: GDM women gained more weight in early pregnancy than non-GDM among normal-weight women. GDM was mainly associated with increased insulin resistance in overweight women and decreased insulin secretory capacity in normal-weight women. Plasma visfatin and adiponectin were lower and progesterone levels higher in GDM than non-GDM independent of BMI while plasma resistin levels were higher in non-GDM, but not GDM, overweight women. Energy and saturated fat intakes were higher in GDM independent of body weight, whereas taurine intakes were lower in GDM than non-GDM only in normal-weight women. CONCLUSIONS: Low visfatin and adiponectin and high progesterone levels in the circulation and high energy and saturated fat intakes were common risk factors for GDM and pregnancy outcome such as large for gestational age. Daily reference intakes for energy and fat during pregnancy need to be re-evaluated according to prepregnancy BMI. (2013) 67, 196-201; doi:10.1038/ejcn.2012.207 Keywords: gestational diabetes; weight gain; BMI; adipokines; prolactin; progesterone INTRODUCTION Well-characterized risk factors for gestational diabetes mellitus (GDM) include overweight and obesity, older maternal age, previous GDM and family history of diabetes; however, these known risk factors are not reliable predictors of the occurrence of GDM in individuals or even in some populations.
INTRODUCTION
Well-characterized risk factors for gestational diabetes mellitus (GDM) include overweight and obesity, older maternal age, previous GDM and family history of diabetes; however, these known risk factors are not reliable predictors of the occurrence of GDM in individuals or even in some populations. 1 GDM screening using traditional risk factors cannot detect almost half of GDM women. 2 Ethnicity is also known to affect the occurrence and severity of GDM and type 2 diabetes; a possible consequence of low insulin secretory capacity of pancreatic b-cells among high-risk populations, including Asians. 3, 4 Specific nutritional risk factors have not been clearly identified for GDM development.
Adipokines and inflammatory cytokines are also known to impact the development of both type 2 diabetes and GDM. 5 Inflammation can result in the destruction of pancreatic b-cells and may also contribute to the progression of insulin resistance. 6 Visfatin, a newly identified adipokine, is essential for normal insulin action but at higher levels, as seen with obesity, it is associated with impaired insulin secretion and insulin resistance. 7 Adiponectin, which decreases with increased adipose tissue deposits although it is secreted by adipocytes, is a wellcharacterized insulin sensitizer; low levels of high molecular weight adiponectin have been associated with increased incidence of type 2 diabetes in Japanese men. 8 Furthermore, changes in gestational hormonal status during pregnancy may contribute to dysregulation of glucose homeostasis. 9 Changes in insulin resistance and insulin secretory capacity during pregnancy are concomitant with increases in circulating prolactin, progesterone and estrogen levels.
Although obesity is the most consistent risk factor for type 2 diabetes and GDM, nearly half of Korean GDM is not associated with obesity. We hypothesized that the development of GDM in normal-weight and overweight women who followed weight gain guidelines during pregnancy, but still developed GDM, might be explained by secretion profiles of adipokine/cytokines and gestational hormones, and by diet. Therefore, our overall objective was to identify major risk factors that would help identify women at risk for GDM and facilitate the establishment of interventions to prevent the onset of GDM and improve pregnancy outcome.
SUBJECTS AND METHODS

Subjects and screening for GDM
All pregnant women visiting the Cheil General Hospital and Women's Healthcare Center (Seoul, Korea) between June 2006 and March 2009 for their first visit at 8-10 weeks of pregnancy took a short survey recording prepregnancy body weights, medication use, and measurements of body weight and blood glucose levels, and received a general education session for managing pregnancy including food intake. The pregnant women were asked to meet weight gain guidelines according to their body mass index (BMI) by regulating food intake during the remaining pregnancy to reduce obesity-related complications.
GDM screening at the 24-28th week of gestation used a universal twostep GDM screening program with a 50 g glucose challenge test. Women with a negative result were deemed non-GDM and those testing positive were administered a 100 g, 3-h oral glucose tolerance test and GDM was identified according to criteria outlined by Carpenter and Coustan. 10 Of the 18 215 pregnant women screened, 554 out of 15 780 (3.8%) normal-weight or underweight women and 532 of the 3643 (14.6%) overweight or obese women were diagnosed with GDM; 531 non-GDM and 215 GDM women enrolled in the study. Blood collections and questionnaire surveys were obtained at 25.1±0.95 weeks of gestation and gestational age was not significantly different among the groups. All GDM women attended at least three nutritional and lifestyle education sessions on maintaining body weight and glucose control, and all GDM women maintained normal blood glucose levels using diet, exercise and/or insulin injection and non-GDM women also maintained normoglycemia.
The study protocol was approved by the Ethical Committee of the Institutional Review Board of Cheil General Hospital and all subjects provided written informed consent on the GDM screening day. Subjects then completed an interviewer-administered questionnaire and were assessed for blood pressure, height and body weight. Blood was collected for assessing lipid and adipokine profiles and gestational hormones. In addition, food intakes were determined by a skilled dietician using the 24-h recall method. Questionnaires were used to obtain the following information: age, prepregnancy weight, obstetric history including gestational age and parity, and family history of diabetes among firstdegree relatives.
Laboratory measurements, physiologic indexes and nutrient intakes at 24-28th week of pregnancy Plasma glucose concentrations were measured by the glucose oxidase method using a YSI 2300 STAT (YSI; Yellow Springs, OH, USA). Plasma insulin, prolactin and progesterone concentrations were measured using a human-specific radioimmunoassay kit (Linco Research, St Charles, MO, USA). Homeostatic model assessments for insulin resistance (HOMA-IR) and b-cell function (HOMA-B) were calculated using the equations developed by Matthews et al. 11 Hemoglobin A 1c in GDM subjects was measured using a Variant II HbA 1c dual kit from Bio-Rad Laboratories (Hercules, CA, USA). Circulating adipokines (adipsin, adiponectin, resistin, leptin and visfatin) were measured on a multiplex suspension array system (Bio-Plex, Bio-Rad Laboratories). Plasma lipid profiles (total, high-density lipoprotein and lowdensity lipoprotein cholesterol, and triglyceride) and C-reactive protein were determined by enzymatic colorimetry. Plasma low-density lipoprotein cholesterol was calculated using the Friedewald equation.
Nutrient intakes were analyzed from the food intakes using CAN-PRO (version 3; Korean Nutrient Society, Seoul, Korea) and some were calculated as the percentage of the Korean Dietary Reference Intake for pregnant women of similar age. 13, 14 In order to determine the effects of GDM and prepregnancy BMI, we conducted twoway analysis of variance according to GDM and prepregnancy BMI for continuous variables and a w 2 test or Fisher's exact test for categorical variables. Adjustments were made for the following variables: maternal age, gestational age, family history and parity. In addition, if a difference among the four groups was found in a continuous variable, we utilized post hoc Tukey's testing to determine which groups were significantly different while Cochran-Mantel-Haenszel test for a categorical variable was performed. Kruskal-Wallis test was used for the parameters with a skewed distribution. Backward stepwise logistic regression analysis was used to determine which factors in prepregnancy and during pregnancy were independently associated with normal-weight and overweight GDM women. In addition, factors independently affecting large for gestational age (LGA) in normal-weight and overweight GDM women were assessed by backward regression analysis. A P-valueo0.05 was considered statistically significant.
RESULTS
Characteristics of pregnant women
Mean prepregnancy BMIs of non-GDM and GDM subjects were 19.8±1.5 and 24.7±3.2 kg/m 2 , respectively, and GDM was positively correlated with BMI. GDM women were older if overweight and were shorter than non-GDM regardless of weight. Prepregnancy BMI of normal-weight women was not different between non-GDM and GDM women, but was higher at the 24-28th week in GDM women (Supplementary Table 1 ). In overweight women, prepregnancy and 24-28th week BMIs were greater in the GDM group than the non-GDM group (Supplementary Table 1 ). However, BMI at delivery was not significantly different between the non-GDM and GDM women. Weight gain during pregnancy was associated with prepregnancy BMI and GDM (Supplementary Table 1 ). Women with a higher parity were more overweight regardless of GDM and women with a family history of diabetes exhibited a higher prevalence of GDM.
Glucose and lipid metabolism at 24-to 28-week pregnancy Plasma glucose levels while fasting and at 1 h after a 50 g glucose challenge were not affected by body weight (Table 1) . Fasting plasma insulin levels were higher in overweight women, and were only elevated in GDM women who were overweight. Area under the curve of glucose was not affected by body weight, but area under the curve of insulin was significantly higher in overweight than normal-weight women (Table 1) . HOMA-IR, an index of insulin resistance, was higher in GDM than non-GDM but the increase was minimal in the normal-weight GDM group, but was much higher in the overweight group. By contrast, HOMA-B, an index of insulin secretion capacity, was decreased in all GDM women regardless of body weight, was more important in normalweight GDM women considering the minimal changes in insulin resistance. Thus, GDM development in normal-weight women was mostly related to insulin secretory dysfunction. Although blood pressure remained in a normal range for all groups, it was higher in overweight and GDM women (Supplementary Table 2 ). Plasma total cholesterol levels were not changed by body weight and GDM states while plasma high-density lipoprotein concentrations were lower in overweight women than normal-weight women, but GDM women had higher concentrations of high-density lipoprotein than non-GDM women (Supplementary Table 1 ). Plasma triglyceride levels were higher in overweight and GDM women than normal-weight and non-GDM women.
Plasma adipokines and gestational hormones at 24-to 28-week pregnancy GDM, but not body weight, was associated with lower plasma adiponectin concentrations and overweight non-GDM women had greatly elevated resistin levels (Table 1) . Plasma adipsin and leptin concentrations were higher in overweight than normalweight women but were not affected by GDM. Plasma visfatin concentrations were lower in GDM and overweight women while plasma C-reactive protein concentrations increased in women with GDM and overweight. Plasma prolactin concentrations were lower in overweight women regardless of GDM while plasma progesterone concentrations were increased in GDM women but decreased by overweight (Table 1) .
Nutrient intakes at 24-to 28-week pregnancy GDM women had higher energy, carbohydrate, fiber and total fat intakes than non-GDM in both normal-weight and overweight subjects although their intakes, except for total fat, were within the recommended ranges (Table 2 ). When total fat intake was categorized by different fatty acids, the consumption of saturated and monounsaturated fatty acids was higher in subjects with GDM than non-GDM subjects regardless of BMI (Table 2) . However, the intakes of polyunsaturated fatty acids and cholesterol were not significantly different among the groups (Supplementary Table 3 ). As GDM women had higher intakes of energy than non-GDM, they consumed higher amounts of most nutrients. However, normal-weight GDM women had lower intakes of taurine, which is related to b-cell survival and insulin secretion ( Table 2 ).
Parameters that influenced GDM in normal-weight and overweight pregnant women In normal-weight women, family history, plasma progesterone and triglyceride levels, and saturated fatty acid intakes exhibited positive associations with GDM whereas HOMA-B and plasma visfatin levels were negatively associated (Table 3) . These parameters explained 33.8% of the variation in GDM development in normal-weight pregnant women. However, in overweight pregnant women, diastolic blood pressure, HOMA-IR, plasma progesterone and triglyceride levels and caloric intake were 
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positively associated with GDM while plasma adiponectin and resistin levels were negatively associated with GDM (Table 3) . These parameters explained 59.1% of the variation in overweight pregnant women. Therefore, insulin secretion capacity was a more important factor for inducing GDM in normal-weight pregnant women whereas insulin resistance was for overweight pregnant women. Plasma triglyceride and progesterone levels were common factors associated with the development of GDM.
Pregnancy outcomes After diagnosis of GDM, dietary consumption was managed resulting in blood glucose levels that were well maintained. This is not uncommon as a diagnosis of GDM motivates both the patients and health-care providers to manage the GDM. 15 As a result, gestational age at delivery, delivery methods and incidence of a low Apgar score (an indicator of neonatal morbidity) were not affected by prepregnancy BMI and GDM ( Table 4 ), indicating that prepregnancy BMI and GDM does not affect neonatal morbidity in well-controlled GDM. In addition, macrosomia and small for gestational age did not differ according to GDM and prepregnancy BMI. However, LGA frequency was significantly higher only in normal-weight GDM women compared with normal-weight non-GDM women. The birth weight of babies and the preterm incidence were higher in overweight groups at prepregnancy regardless of GDM (Table 4) . Thus, these results suggested that GDM and prepregnancy overweight resulted in minimal adverse pregnancy outcomes when blood glucose levels and weight gain during the last trimester pregnancy are well controlled.
Parameters that influenced LGA in normal-weight and overweight pregnant GDM women In normal-weight GDM women, Na intake was significantly positively associated with LGA whereas taurine intake was negatively associated with LGA (Table 5 ). However, in overweight GDM women, diastolic blood pressure and caloric intake were positively associated with LGA whereas plasma visfatin levels and potassium and Zn intake were negatively associated with LGA (Table 5 ). These parameters explained 29.5% of the variation in LGA in overweight GDM.
DISCUSSION
Like type 2 diabetes, GDM is most commonly associated with both insulin resistance and inadequate compensatory insulin secretion. However, unlike type 2 diabetes, GDM only occurs during pregnancy and spontaneously resolves after childbirth. During normal pregnancy, progesterone induces insulin resistance that does not result in diabetes because of increased compensatory insulin secretion because of prolactin-induced b-cell proliferation. 16, 17 However, in some pregnancies GDM develops as a consequence of either unusually high insulin resistance, perhaps because of the contribution of pre-existing insulin resistance in overweight women, or because of inadequate b-cell expansion and concomitant insulin insufficiency. In this study, HOMA-IR and HOMA-B analyses revealed that in overweight women GDM was mostly due to insulin resistance, which is similar to most GDM in Western countries; however, the 50% of GDM women who were lean were no more insulin resistant than overweight non-GDM women and low insulin secretory capacity was the primary defect causing the GDM, although prolactin secretion was highest in that group. Therefore, GDM in normal-weight women was not due to either excessive insulin resistance or to low prolactin secretion, but due either to inherent low insulin secretory capacity or to other endogenous or exogenous factors that impaired insulin secretion. A prominent factor that led to GDM in both weight groups was a higher energy consumption that was accompanied by higher carbohydrate consumption. It is possible that the higher carbohydrate consumption led to diabetes because of a carbohydrate load that neither group of GDM women could accommodate and that simply lowering their dietary carbohydrate content would have prevented much of the GDM.
On the other hand, there were some protective factors against developing GDM. In overweight women, elevated resistin levels and higher taurine intakes appeared to provide significant protection against GDM, and resistin appeared to protect against infants being born LGA. Higher levels of both adiponectin and visfatin were protective against GDM regardless of body weight. Visfatin is the same molecule as nicotinamide phosphoribosyltransferase, the rate-limiting enzyme in nicotinamide adenine dinucleotide biosynthesis. 7 Nicotinamide adenine dinucleotide has a regulatory role in modulating the activity of the nicotinamide adenine dinucleotide-dependent deacetylase, sirtuin-1, which improves insulin sensitivity in liver, adipose tissue and skeletal muscle entirely or in part by upregulating the biosynthesis of adiponectin. [18] [19] [20] Furthermore, sirtuin-1 also potentiates glucose-stimulated insulin secretion by pancreatic b-cells 21 and low visfatin/nicotinamide phosphoribosyltransferase impairs glucose-stimulated insulin secretion. 22 Low visfatin levels would be expected to increase insulin resistance and decrease insulin secretory capacity; and would thus exacerbate impaired whole body glucose regulation in both lean and overweight Korean GDM women.
The other important observations of this study were the effects of nutrient intakes and dietary habits. This study revealed that both normal-weight and overweight GDM women had higher energy and saturated fat intakes than non-GDM women although energy intakes of all groups were lower than the recommended energy requirements for pregnant women, but they had proper weight gain until the 24-28th week of the pregnancy. Fat intake was 27-28% of energy intake in all groups, but the GDM groups consumed more saturated fat than non-GDM. Women who had a habit of consuming Gestational diabetes, diet and adipokines S Park et al less fatty foods and snacks and more milk products were at lower risk of developing GDM (data not shown). Taurine consumption was much lower in normal-weight GDM women than non-GDM. Therefore, high energy intakes with higher saturated fats and lower taurine intake may contribute to the development of GDM. Owing to its antioxidant and anti-inflammatory action, taurine protects against apoptosis of b-cells and enhances their regeneration. 23 Thus, a low intake of taurine might block b-cell expansion during pregnancy contributing to GDM and might be related to LGA development because the increase in b-cell mass is necessary to maintain glucose homeostasis.
This study had some limitations. First, as a cross-sectional study, it did not determine cause-and-effect. Second, the division of BMI may not be reflective of weight status at all-time points since prepregnancy BMI was used for dividing the two groups such as normal-weight and overweight. Third, the biochemical levels at the beginning of pregnancy were not determined to compare with later trimesters. Finally, the nutrient intakes determined by 24-h recall might introduce some bias in determining usual intake since 24-h recall is based on the memory, and may not be fully recalled especially by obese women, and there are differences in intakes during weekdays and weekends. Many studies have revealed that the 3-day food record is considered as the gold standard for determining usual intakes. 24 However, considering expenses and accuracy of the measurement, 24-h recall can be appropriate methods to determine actual and usual intake. In addition, our preliminary study showed that 24-h recall was close to 3-day record in their actual intakes.
In conclusion, this study clearly demonstrated that GDM development in normal-weight Korean women is primarily related to poor insulin secretory capacity, whereas in overweight Korean GDM women it is associated with both insulin resistance and to inadequate insulin secretion. The data also suggest that current recommended energy intakes during pregnancy needs to be re-evaluated. This study also found that in addition to traditional risk factors such as BMI, age, parity and family history of diabetes; HOMA-B assessment of insulin secretory capacity might be a valuable tool for early assessment of GDM risk. Other useful predictors of GDM may be high triglyceride, low visfatin and adiponectin, and high progesterone levels in the circulation. Dietary interventions for preventing the onset of GDM and improving pregnancy outcome should include careful management of energy intake, especially saturated fat intake, and possibly increasing the intake of taurine-rich foods. 
